Frequent blood sampling from males rats was used to study hypothalamic-pituitary-adrenal (HPA) axis activation during arthritis and its association with diminished responses to acute psychological stress. In control rats, corticosterone release occurred in a series of 13t1 pulses per 24 h. Induction of arthritis by Mycobacterium-adjuvant injection initially increased the rate of hormone release within each pulse and, by day 14 postinjection, when hind-paw in¯ammation was established, caused a marked increase in pulse frequency to 22t1 per 24 h leading directly to elevated circulating corticosterone levels. In both control and adjuvant-treated rats, there was a marked response to a 10-min noise stress when the stimulus coincided with a rising or interpulse phase of the endogenous corticosterone rhythm. However, when the noise stress coincided with a falling phase of this rhythm, the response was greatly diminished. Since corticosterone pulse frequency was markedly increased and hence interpulse interval decreased by day 14, there was an increased probability of the noise stress occurring during the nonstress responsive falling phase of the corticosterone secretory cycle. As a result, the group mean response to noise stress was signi®cantly smaller in the arthritic than the controls (70.2t9.2 versus 107.8t13.0 ng/ml, respectively). In contrast to the differential response to noise stress, all rats showed similar responses to the acute immunological challenge with i.v. lipopolysaccharide. Thus, altered basal pulse frequency is a major factor in¯uencing HPA activation during acute psychological stress.
Many autoimmune conditions are associated with activation of the hypothalamic-pituitary-adrenal (HPA) axis (1±4). The resultant elevated circulating glucocorticoids may have a protective role due to their immunosuppressive actions. Indeed, adrenalectomy or pharmacological antagonism of corticosteroid action leads to increased morbidity and mortality from such conditions (1, 5, 6) . Therefore, an understanding of the relationship between chronic immunological challenge and HPA axis function is of considerable clinical relevance. Adjuvant-induced arthritis in the rat has been extensively studied as a model of such in¯ammatory disease (2, 4, 6±8) . It has been shown that the T-cell dependent disease elicited by adjuvant injection is associated with increased circulating corticosterone and adrenocorticotropic hormone (ACTH) concentrations and apparent loss of the normal circadian rhythm of HPA activity (1±4, 9). Furthermore, there is an increase in adrenal weight and pituitary pro-opiomelanocortin (POMC) mRNA expression despite a diminution of both basal corticotropin releasing factor (CRF) mRNA and portal blood CRF concentrations (2, 7, 8, 10, 11) , whilst the CRF mRNA response to a number of acute stresses is also attenuated (6, 10, 11) . Vasopressin (AVP) mRNA levels and portal blood concentrations of the peptide are increased in these animals and may take a more dominant role in regulating the pituitary-adrenal axis during such chronic stress conditions (2, 7, 8, 11) . Indeed, vasopressin transcripts have been shown to become greatly increased in distribution within the paraventricular nucleus (PVN) during chronic or repeated stress, and to correlate with the stressor in way that is not matched by CRF transcripts in these situations (12, 13) . Given the potential physiological consequences of HPA activation, the nature of the interaction between the disease and this axis has important implications for individuals with in¯ammatory disease.
Basal HPA function is characterized by pulsatile patterns of hormone release throughout the 24-h cycle in both man and the rat (14±20). Our studies using chronically cannulated rats have revealed that this pattern of basal activity has a major impact on the response to acute stresses, since, following each pulse, there is a period of marked inhibition of the axis. This is manifested not only in declining circulating hormone levels, but also in an inability to respond to acute stresses that are coincident with these periods (17, 20) . The present study examined how the dynamics of HPA function are altered during the chronic stress of arthritis in order to determine how the condition affects the control of basal hormone release, and whether the relationship between basal and acutely stimulated HPA activity is altered by the disease.
Materials and methods

Animals
Male Piebald-Viral-Glaxo rats (200±250 g, Bantin and Kingman, Hull, UK) were maintained under a 14 h/10 h light/dark cycle (lights on at 5.00 h). The sex and strain chosen is the preferred model for the study of adjuvant-induced arthritis, having known and reliable susceptibility (2, 4, 6) . Arthritis was induced by an intradermal injection (0.1 ml) of a suspension of ground, heatkilled Mycobacterium butyricum in paraf®n oil (10 mg/ml) into the base of the tail. Subsequent experiments were conducted on days 6±7 or days 13±14 after this challenge. Control rats received vehicle injections only.
Experimental protocol
Five days before study, rats were anaesthetized using Hypnorm (0.32 mg/kg fentanyl citrate and 10 mg/kg¯uanisone, i.m.; Janssen Pharmaceuticals Ltd, Oxford, UK) and diazepam (2.6 mg/kg i.p.; Phoenix Pharmaceuticals Ltd, Gloucester, UK). The right jugular vein was exposed and a silastic-tipped polythene cannula (i.d. 0.58 mm, Portex, Hythe, UK) ®lled with 10 U/ml heparinized isotonic saline was inserted into the vessel. The free end of the cannula was exteriorized through a scalp incision and then tunnelled through a protective spring attached to a mechanical swivel.
For collection of blood samples animals were attached to an automated blood sampling system, as previously described (21, 22) . The collection of 10±20 ml samples for the measurement of corticosterone commenced at 08.00 h on the day of study (day 6 or 13) and continued every 10 min for 24 h. At this time (08.00 h day 7 or 14), a white noise generator was activated and rats exposed to 114 dB for 10 min (22) . Sampling continued for a further 120 min. The behaviour of each rat was recorded onto videotape for 30 min, commencing 10 min before the onset of the noise. By studying only the prenoise corticosterone pro®les, the response of each rat was divided on the basis of whether the onset of the stress coincided with an active (rising or interpulse period) or inactive (falling) phase of a corticosterone pulse. At 11.00 h (day 7 or 14), rats were challenged with a 0.1-ml i.v. injection of saline containing 0 or 25 mg of bacterial lipopolysaccharide (LPS, Escherischia coli; 055 : b5, Sigma, Poole, UK). Sampling continued for another 180 min. The responses to LPS were again divided on the basis on the underlying pulsephase at the time of injection. At 14.00 h, some rats were given an overdose of pentobarbitone (i.v.) and the brain and pituitary quickly removed onto dry-ice.
Analyses
Total corticosterone concentrations were measured as previously described (22) . Video-recordings collected during the noise stress were divided into 10-min blocks relative to the start of the noise stress. For each 10-min block, the amounts of time that the animals spent engaged in activities such as locomotion, burrowing or grooming (total activity) were recorded. CRF mRNA in the PVN and POMC mRNA in the anterior pituitary were analysed in 12 mm cryostat sections by in situ hybridization histochemistry, as previously described (23, 24) . Synthetic 48 mer oligonucleotide probes end labelled with 35 S using terminal deoxynucleotidyl transferase (Boehringer, Mannheim, Germany) to a speci®c activity of 5r10 17 dpm/mol were used in these studies. Each slide was incubated overnight at 37uC with the probe diluted in hybridization buffer to 10 5 c.p.m. per slide. Sections were exposed to photographic ®lm (Hyper®lm, Amersham, Bucks, UK) together with a series of 14 C standards for 14 days (CRF mRNA) or 18 h (POMC mRNA). The resultant autoradiographic images were analysed as described previously using 4±6 sections from each rat (24) .
Statistical analysis
Values represent either individual data-sets or the meantSE for groups. The PULSAR programme (25) was used to analyse pulse frequency, duration, amplitude, rates of pulse elevation and decay, interpeak interval and mean hormone concentrations. For the pulsar programme, the following G-values were employed: G1=5, G2=3.5, G3=2.5, G4=1.5 and G5=1.2, together with a peak splitting parameter of 2 (SD units). These values were obtained from visual inspection of the data, as recommended (25) . In order to test the validity of these values for the detection of actual corticosterone pulses, they were applied to 20 replicates of two pooled plasma samples with mean corticosterone concentrations of 142t5 and 25t3 ng/ml. Within these samples, such analysis detected one and no false peaks, respectively, suggesting a high degree of reliability. For determination of changes in interpeak interval over the 24-h period, four separate 6-h periods commencing at 6.00 h and 18.00 h were analysed and compared for each rat. The integrated responses to noise stress were calculated over the hour period after stress onset. ANOVA and post-hoc Tukey's test were used to compare endocrine and behavioural data between the different days of adjuvant treatment. The data for CRF mRNA and POMC mRNA were expressed as the percentage difference from the vehicle-treated control group. ANOVA and post-hoc Fischer's test were used to compare these responses.
Results
Rats injected with adjuvant showed no overt symptoms of arthritic disease until 13 days postinjection. By day 14, 19/20 rats displayed hind-paw in¯ammation, the data from the remaining rats were excluded from the study.
Basal pattern of hormone release
Basal circulating corticosterone concentrations showed dynamic¯uctuations throughout the 24 h in control male rats (Fig. 1A) , such that hormone release occurred in a series of 13t1 discrete episodes ( Table 1 ). The average length of time during which hormone levels were rising (from baseline to peak) during these episodes was measured as 36t2 min (n=14). Following these periods of secretion, circulating corticosterone concentrations declined with a half-time of 16t2 min, which approximated the half-life of the hormone (17) , and hence distinct pulses of circulating hormone were seen. Following this return to baseline, there followed a distinct interpulse period (Fig. 1A) . During the development of hind-paw in¯ammation, the average duration of each pulse was signi®cantly decreased (P<0.05, Table 1 , Fig. 1B ). This decrease was evident by day 6 and represented a signi®cant increase in the rate of hormone release during pulse elevation with neither pulse amplitude nor pulse decay being affected (Table 1) . By day 13, the alterations in basal HPA function were even more marked, as there was a signi®cant increase in pulse frequency (Fig. 1C, Table 1 ). Because no concomitant increase in pulse amplitude occurred (Table 1) , this approximate doubling of hormone release episodes was principally responsible for the increase in mean corticosterone concentrations during the development of the disease (mean 24 h-values: controls 23.3t2.7 versus arthritic 33.0t3.4 ng/ml, P<0.05). The interpeak interval showed signi®cant circadian variation, being longer during the morning 144t16 min than the evening (151t16 versus 93t10 min, P<0.001). It also varied signi®cantly between groups being shorter in the day-14 rats than in the controls (144t18 versus 78t7 min, P<0.01). A signi®cant interaction between these two factors (P<0.001) revealed that, in the day-13 rats, this circadian variation in HPA activity was lost.
Endocrine responses to noise stress
In control rats, noise stress was associated with a rapid elevation of corticosterone concentrations ( Fig. 2A) . This response reached a peak of 107.8t13.0 ng/ml within 30 min of the onset of the noise before declining to basal concentration within a further 20 min, giving an integrated response of 195.5t39.2 ng/ml. The response on day 7 was comparable in magnitude and duration, although the initial rise in corticosterone concentrations was more rapid in this group (Fig. 2B) . By day 14, however, the mean response to noise stress was signi®cantly lower than in the controls (Fig. 2C) and the integrated response (68.3t34.7 ng/ml) was signi®cantly smaller than seen in either of the other two groups (P<0.05). Analysis of the interaction between the noise stress response and the basal pulse pattern revealed that, in all groups, the response was signi®cantly greater when noise stress coincided with a rising or interpulse phase of the secretory pulse cycle than when it coincided with a falling phase (Fig. 3, P<0 .001). This relationship was clearly shown when the respective integrated responses for these subgroups (rising/interpulse versus falling) were compared in the controls (274.4t35.9 versus 90.2t55.1 ng/ml, Fig. 3A ,B, P<0.02), the day-7 rats (384.4t21.6 versus 171.9t40.4 ng/ml, Fig. 3C ,D, P<0.005) and the day-14 rats (215.3t28.9 versus 29.2t37.3 ng/ml, Table 1 for analysis of pulse characteristics. subgroup was compared between the different adjuvanttreatment groups, the response of day-14 rats was similar to that seen in the controls (Fig. 3A,E) . Therefore, day-14 rats could respond to noise stress with a similar magnitude to the controls when the stimulus was concurrent with an active phase of HPA activity. However, given the increased pulse frequency and shortening of the interpulse interval, the proportion of stimuli which fell during these active phases (4/19) was signi®cantly lower than in the control group (10/16, chi-squared test: P<0.05). This lead to the observed differential in overall group responsiveness to acute psychological stress (Fig. 2) . The responses occurring during the rising/ interpulse phase of the day-7 group tended to be the greater than those of the other two groups (Fig. 2C ). This trend was signi®cant compared to the responses on day 14 (P<0.02), but failed to reach signi®cance compared to the controls (P=0.100).
Behavioural responses to noise stress
Activity was low in control rats before the onset of the noise stress as expected at this stage of the circadian cycle. Noise stress increased total activity (from 118t28 to 258t38 s per 10 min block, n=16). Grooming activity was also affected by the noise stress, but this was signi®cantly increased following the termination of the stimulus to 81t20 s per 10 min block compared with 36t12 and 31t15 s per 10 min block in the noise and prenoise periods, respectively). Noise stress had signi®cant and comparable effects on total activity and grooming in rats with adjuvant treatment. MANOVA revealed that the behavioural responses to noise stress were unaffected by the underlying phase of HPA activity.
Effect of adjuvant treatment on the HPA responses to LPS injection
Injection of LPS caused an acute and prolonged elevation of corticosterone concentrations in control rats reaching a peak concentration of 182.4t23.3 ng/ml (n=11) 50 min after the injection and remaining similarly elevated for the following 2 h (Fig. 4A) . Saline injection had no signi®cant effect on corticosterone release (n=5, Fig. 4A ). Similar elevations of corticosterone concentrations following LPS injection were seen in both the day-7 (Fig. 4B ) and day-14 groups ( Fig. 4C) . MANOVA revealed no effect of experimental group on the HPA response to LPS. Furthermore, the magnitude, rate of onset and duration of the corticosterone response were not dependent on the underlying pulse-phase of HPA activity (data not shown).
LPS injection resulted in a signi®cant increase in pituitary POMC mRNA in the vehicle treated rats (Fig. 5A, n=6) . Basal POMC mRNA expression was signi®cantly elevated in day-14 rats (P<0.01, n=6) but was not further increased by LPS injection (n=6). CRF mRNA levels were 40% lower in the saline-treated day-14 rats than in the controls, although this did not reach statistical signi®cance (Fig. 5B, n=6 for both groups). Injection of LPS resulted in an increase in CRF mRNA expression, which reached statistical signi®cance in the day-14 rats (P<0.05, n=6).
Discussion
Pulsatile HPA function in the male rat These data report dynamic sampling of corticosterone concentrations in the undisturbed male rat over the circadian cycle. They show that the pulsatile pattern of corticosterone release reported for female rats (17, 20) is also characteristic of the male. However, the release of corticosterone occurred in fewer and smaller episodes than in the female, accounting for the lower circulating corticosterone concentrations frequently observed in male rats. Furthermore, a striking characteristic of the pattern of corticosterone release in the male were the long periods of low circulating hormone levels seen between pulses, especially in the early light phase. By extending earlier observations of pulsatile activity (18, 26, 27) to the entire 24-h period, our data suggest that the loss of these extended interpulse intervals in the late light and early dark phase contribute to the diurnal variation of corticosterone release in the male. This contrasts with observations in the female rat where changes in pulse amplitude alone contribute the diurnal variation (17, 20) .
The changes in interpulse interval are likely to derive from the hypothalamic-pituitary component of the axis, since an increase in the frequency as well as amplitude of ACTH pulses has been shown to occur in male rats during the late light phase (28) , at the time when the interpulse intervals for corticosterone release are shortening. CRF also shows a pulsatile pattern of release (29, 30) and, although the frequency for CRF pulses does not vary diurnally, the length of pulses is longer in the evening (29) which may have the effect of diminishing interpulse periods of hormone release further down the axis. However, this does not exclude the possibility of further modulation of pulsatile hormone release at the level of the adrenal gland (27) .
Changes in basal HPA function during the development of hind-paw in¯ammation
The development of hind-paw in¯ammation was associated with speci®c effects on the pulsatile activity of the HPA axis which underlie the reported chronic elevation in circulating corticosterone concentrations (2, 4, 7, 8) . During the presymptomatic period, corticosterone levels rose to peak concentrations more quickly within each pulse. This may represent a fundamental change in the relationship between the hypothalamus and the pituitary in the disease state. It has been clearly established that AVP synthesis within the parvocellular cells of the PVN and its release into the portal blood are elevated during the development of adjuvant-induced arthritis, indicating an increasingly important role for AVP in the control of the axis (7, 8, 10) . The primary action of AVP within the HPA axis is the potentiation of the effects of CRF on the release of ACTH (31, 32) . Thus, increased release of AVP may sensitize the corticotrophs to the pulsatile CRF signals reaching them. In addition, the observation of increased POMC mRNA levels in the anterior pituitary, both in the present study and previously (2, 3, 6, 10) , are indicative of an increased potential for secretion by the corticotrophs as the disease progresses. Although AVP secretion is increased and the pituitary is more sensitive to stimulation, CRF synthesis and release actually declines as the disease progresses (2, 6, 10, 11) , which may explain why the pulses generated are of no greater amplitude or duration than that seen in the controls. AVP itself is also likely to be released in a pulsatile pattern since it is colocalized within CRF-containing neurones (33) . Interestingly, combined pulsatile administration of these peptides to corticotrophs in vitro revealed that AVP not only potentiated the effects of CRF on ACTH pulse amplitude, but also caused a more rapid rise of ACTH levels within each pulse (34) , similar to the effects seen in this present study.
During the symptomatic period of the disease, there was a marked increase in pulse frequency with the loss of the characteristic long interpulse periods. It is likely that pulse frequency is controlled centrally given the pulsatile nature of CRF release (29, 30) . Furthermore, pulse frequency is closely associated with the alternate periods of HPA responsiveness and nonresponsiveness to stress. Previously, we have shown that this relationship is mediated centrally because pituitary sensitivity to exogenous CRF is unaffected by pulse-phase (20) . Therefore, the alterations in pulse frequency seen in the day-13 rats may involve direct or indirect effects on the CRF or AVP pulse generator.
The effects of adjuvant-induced arthritis on endocrine and behavioural responses to noise stress An important principle that has emerged from our studies of HPA pulsatility in female rats is that of the relationship between pulse-phase and the ability of the HPA axis to respond to acute stress (17, 20) . The present data show that a similar relationship is also seen in the male. It is clear that rats can respond to stress during a rising phase of a basal pulse when the axis is already secreting hormone, or during an interpulse period when the axis is quiescent. However, during a falling phase of a basal pulse, the axis is inhibited and unable to respond to stress. This relationship was maintained throughout the development of hind-paw in¯am-mation. Thus, as pulse frequency increased and the interpulse periods were shortened, there was a greater proportion of time when rats were unable to respond to stress and, hence, the mean group response to stress was smaller. Therefore, the increase in chronic axis activation associated with the disease led directly to a decreased group response to acute stress. Indeed, decreased endocrine responses to acute stresses have been reported with adjuvant-induced arthritis in rats (6, 10) and also in humans with rheumatoid arthritis (35) . On day 7 postadjuvant injection, an increased corticosterone response to stress was observed during the rising pulsephase. This may be a result of the highly increased AVP synthesis and release that occurs in these rats (11) . In addition, a hyperresponsiveness in CRF mRNA expression has been reported in response to acute stress (10) . Therefore, this presymptomatic period of the disease represents a transitional phase of increased stress sensitivity. Behavioural responses to noise stress were similar to those in the female, with increasing total activity levels during the stimulus and increasing displacement behaviour (grooming) after stimulus termination (17, 20) . Adjuvant-treated animals responded behaviourally to the noise in the same way as controls. Importantly, rats were reactive to the noise stress even when they failed to show an endocrine response during the falling phases of endogenous corticosterone pulses, suggesting that the lack of a corticosterone response was a factor inherent to HPA axis regulation.
The effects of adjuvant-induced arthritis on endocrine responses to immunological challenge
In contrast to the differential corticosterone response to acute noise stress in the control and adjuvant-treated rats, the responses to immunological challenge were identical. This may represent the fact that the immunological challenge is a potent and prolonged stimulus that overcomes the relationship with the underlying pulse-phase. However, studies of adrenalectomized rats which are able to respond to acute stress challenge, but not immunological challenge, suggest that the pathways involved in the activation of the axis by these two stimuli are different, with immunological challenge being more steroid dependent (36, 37) . Following i.v. LPS challenge, the levels of CRF mRNA and POMC mRNA were similar in the day 14 rats, as is also seen after i.p. administration (38) . Thus, the difference between the ability to respond to acute immune challenge but not acute stress may reside in the pathways mediating the two stimulus modalities. Immunological challenge may present the animal with a life-threatening situation (1, 5, 6) and an inability to mount a corticosterone response to such challenge may have severe consequences (39) , as indeed does suppression of endogenous steroid release by metyrapone in patients with rheumatoid arthritis (40) . Therefore, these pathways may be better adapted to withstand changes imposed by chronic activation than those mediating acute stress challenge.
